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We develop a theory of electron-photon interaction for helical edge channels in two-dimensional
topological insulators based on zinc-blende-type quantum wells. It is shown that the lack of space
inversion symmetry in such structures enables the electro-dipole optical transitions between the spin
branches of the topological edge states. Further, we demonstrate the linear and circular dichroism
associated with the edge states and the generation of edge photocurrents controlled by radiation
polarization.
PACS numbers: 73.20.-r, 73.21.Fg, 73.63.Hs, 78.67.De
I. INTRODUCTION
The study of conducting edge channels with
spin-momentum locking which are inherent to two-
dimensional electron systems with non-trivial topology
is one of the central topics in the physics of topolog-
ical insulators (TIs)1–3. Much effort is being invested
now into the study of transport properties of edge chan-
nels such as local and non-local conductivity4–7, injec-
tion of carriers from edge states into magnetic materials
or superconductors8,9, and the mechanisms of backscat-
tering10–15. Optical studies of helical edge channels, al-
though being challenging, are also in high demand since
they can provide insight into the spin structure of the
edge states and details of electron-photon interaction. It
was experimentally demonstrated recently that the pho-
toionization of edge channels by polarized terahertz ra-
diation is asymmetric in k-space and is accompanied by
the emergence of edge photocurrents16. It was also pro-
posed theoretically that radiation with the photon en-
ergy smaller than the bulk gap can induce direct opti-
cal transitions between the “spin-up” and “spin-down”
branches of the helical channel and excite a photocur-
rent circulating around the sample edges17,18. Previous
research of the inter-branch optical transitions was phe-
nomenological and based on a centro-symmetric model
of TIs which allows only (weak) magneto-dipole coupling
of the “spin-up” and “spin-down” states by the magnetic
field of the radiation17,18. However, the practical realiza-
tion of two-dimensional TIs is II-VI (HgTe/CdHgTe) or
III-V (InAs/GaSb) zinc-blend-type structures with the
natural lack of the space inversion center in the crystal
lattice2,3. In particular, in the most studied TIs based
on HgTe/CdHgTe quantum wells (QWs), the strong nat-
ural interface inversion asymmetry leads to the mixing
of the “spin-up” and “spin-down” states at the QW in-
terfaces19. The mixing considerably modifies the energy
spectrum of ”bulk” states as well as the structure and
magnetic properties of helical edge channels20.
Here, we describe the optical properties of heli-
cal edge channels in zinc-blend-type two-dimensional
TIs. We show that, in such systems, direct opti-
cal transitions between the “spin-up” and “spin-down”
0
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FIG. 1. (a) Sketch of electron dispersion in a two-
dimensional topological insulator. The “spin-up” and “spin-
down” branches of the edge-state dispersion are shown by red
and blue curves, respectively, k is the wave vector along the
edge. Optical transitions between the spin branches induced
by polarized radiation occur at k and −k at different rates,
which leads to a direct electric current in the edge channel.
(b) Edge photocurrents excited by normally incident circu-
larly polarized radiation flow in the opposite directions for
the right-handed and left-handed polarizations.
branches of the edge-state dispersion occur not only
in the magneto-dipole approximation but also in the
much stronger electro-dipole mechanism of the electron-
photon-interaction. Moreover, the probability of the ab-
sorption of circularly polarized photons is asymmetric in
k-space which leads to the circular photogalvanic effect
where the transfer of the photon angular momenta to the
electrons drives a direct electric current, see Fig. 1. The
interference of the electro-dipole and the magneto-dipole
mechanisms of the photon absorption for circularly polar-
ized radiation is constructive or destructive depending on
the photon helicity, which leads to the circular dichroism.
For linearly polarized radiation, the interference gives rise
to an asymmetry of the optical transitions in k-space and
to a linear photocurrent. In this case, the photocurrent
direction depends on the edge crystallographic orienta-
tion and the radiation polarization vector.
The paper is organized as follows. In Sec. II, we present
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2a symmetry consideration and develop a microscopic the-
ory of the electron-photon interaction for helical edge
states in zinc-blend-type TIs. In the framework of the
extended Bernevig-Hughes-Zhang model with the inter-
face terms included we calculate the matrix elements
of the electric dipole and magnetic dipole operators for
HgTe/CdHgTe-based TIs. In Sec. III, we consider the op-
tical transitions between the “spin-up” and “spin-down”
branches of the edge-state dispersion and develop a the-
ory of the linear and circular dicroisms. Section IV is
devoted to the theory of the edge photocurrents excited
by circularly and linearly polarized radiation.
II. ELECTRON-PHOTON INTERACTION IN
HELICAL CHANNELS
A. Edge states. General symmetry analysis
We consider a two-dimensional topological insulator
based on zinc-blende-type QW. The structure supports a
pair of conducting helical edge states in the (topologically
non-trivial) gap of the QW, see Fig. 1. The edge states
are characterized by the wave vector ky directed along
the edge and the pseudospin index s = ±1/2 enumerating
the branches. We use the coordinate frame (xyz), where
the x axis is in the QW plane, perpendicular to the edge
and is pointing inside the sample, y is parallel to the
edge, and z is the QW growth axis. At small ky, the
dispersion of the edge states is linear: εky±1/2 = ±~v0ky,
where v0 is the velocity. The states |ky, s〉 and |−ky,−s〉
are related by time reversal symmetry and, therefore,
have the same energy (Kramers degeneracy). We take the
corresponding wave functions ψkys to satisfy the relation
T ψkys = −2sψ−ky−s , (1)
where T is the operator of time reversal. The operator
T commutes with the Hamiltonian, satisfies T T = −1,
and can be presented in the form T = UtK, where Ut is a
unitary operator, i.e., U†t = U
−1
t , and K is the operator
of complex conjugation.
Additional information about the edge states can be
obtained from the spatial symmetry of the structure. The
point-group symmetry of an infinite (001)-grown QW
with a symmetric heteropotential is D2d. This point
group takes into account the lack of a space inversion
center in the QW due to the bulk inversion asymmetry
of the host crystal and the inversion asymmetry at QW
interfaces20. Introduction of an edge lowers the spatial
symmetry of the system. For an arbitrary orientation of
the edge with respect to crystallographic axes, the point-
group symmetry reduces to the trivial group C1 with no
non-trivial symmetry elements. However, for two par-
ticular classes of the structures with the edges directed
along 〈100〉 and 〈110〉 axes, which are commonly studied,
the point-group symmetry is higher and contains non-
trivial elements. Figure 2 illustrates the crystal struc-
tures of (001)-grown HgTe/CdTe QWs with the edges
along these high-symmetry directions.
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FIG. 2. Side view of HgTe/CdTe quantum wells with the
edge along (a) [010] and (b) [110] axes. The structures are
described by the C2 and Cs point groups, respectively. The
corresponding symmetry elements, the rotation axis C2 (a)
and the mirror plane σv (b), are shown by the red arrow and
the gray plane.
The QW structure with the edge parallel to [010] (or
similar direction) is described by the C2 point group with
the two-fold rotation axis C2 ‖ [100] at the center of
the QW, see Fig. 2a. The corresponding operator of
rotation by the angle pi about the x axis R commutes
with the Hamiltonian and relates the states |ky, s〉 and
|−ky,−s〉. The rotation operator also satisfies RR = −1
and R† = R−1. By a proper choice of the phase of the
wave functions we made them to satisfy the relation
Rψkys = −iψ−ky−s (2)
and, in particular, Rψ0±1/2 = −iψ0∓1/2. The latter re-
lation corresponds to the usual transformation rule of
spinors under the rotation by pi about the x axis. It fol-
lows that the Pauli matrix σx acting in the pseudo-spin
space with the basis functions ψ0+1/2 and ψ0−1/2 is in-
variant under the rotation (belongs to the Γ1 irreducible
representation of the C2 group) whereas the the Pauli
matrices σy and σz change their sign under the rotation
(belong to the Γ2 irreducible representation)
21. All com-
ponents of the polar and axial vectors in the C2 group
also transform according to either Γ1 or Γ2 representa-
tions, which is summarized in Tab. I.
The (001)-grown QW structure (also with an asym-
metric confinement potential) with the edge parallel to
[110] is described by the Cs point group which contains
the mirror plane σv ‖ (110), see Fig. 2b. The operator of
reflection in the (xz) plane R˜ commutes with the Hamil-
tonian and satisfies R˜R˜ = 1 and R˜† = R˜−1. The wave
3functions ψkys can be chosen in the way that
R˜ψkys = 2is ψ−ky−s . (3)
This equation at ky = 0 corresponds to the usual trans-
formation rule of spinors under the reflection in the (xz)
plane. In this case, the Pauli matrix σy acting in the
pseudo-spin space with the basis functions ψ0+1/2 and
ψ0−1/2 transforms according to the Γ1 irreducible rep-
resentation of the Cs group whereas the Pauli matrices
σx and σz transform according to the Γ2 irreducible rep-
resentation21. The classification of the polar and axial
vector components according to the representations they
transform by is summarized in Tab. I.
TABLE I. Irreducible representations and basis functions
constructed from the components of the polar r = (x, y, z)
and axial B = (Bx, By, Bz) vectors and the Pauli matrices
for the C2 and Cs point groups.
rep basis functions basis functions
C2 (x ‖ [100], y ‖ [010]) Cs (x ‖ [11¯0], y ‖ [110])
Γ1 x, Bx, σx x, z, By, σy
Γ2 y, z, By, Bz, σy, σz y, Bx, Bz, σx, σz
Let us now construct the effective Hamiltonian of edge
states at small ky using the method of invariants
22. From
the requirement that the Hamiltonian is invariant with
respect to all symmetry operations and time reversion
follows that, to the first order in ky, the Hamiltonian
can contain terms σzky and σyky in the structure of the
C2 point group and the terms σzky and σxky in the
structure of the Cs point group. However, by a uni-
tary transformation we can convert the effective Hamil-
tonian to the form ∝ σzky removing other ky-linear
terms. Indeed, the basis (ψ0+1/2, ψ0−1/2) is not fully
determined yet. Any pair of the functions of the form
(αψ0+1/2 + βψ0−1/2, α∗ψ0−1/2 − β∗ψ0+1/2) also satisfies
Eq. (1) together with Eq. (2) [or together with Eq. (3)]
provided |α|2 + |β|2 = 1 and α is real and β is imaginary
(or both α and β are real). By a proper choice of the
wave function basis we can exclude the term σyky (or
σxky) from the Hamiltonian. Then, the effective Hamil-
tonian of edge states up to the third order in ky reads
Hedge = aσzky + bk2y +
∑
α=x,y,z
cασαk
3
y , (4)
where a = ~v0, b and cα are real parameters; cx (cy) is
zero in the structure of the C2 (Cs) point group.
B. Electro-dipole interaction
The Hamiltonian of electron-photon interaction can
be also constructed using the method of invariants. In
the electro-dipole approximation, the Hamiltonian of
electron-photon interaction has the form
H(E)edge = −d ·E , (5)
where E is the electric field of the electromagnetic wave
and d is the electric dipole operator. Using Tab. I and
the time reversal symmetry one can construct d in the
(ψ0+1/2, ψ0−1/2) basis. At ky = 0, the time reversal sym-
metry does not allow any terms coupling the states with
s = ±1/2. At ky 6= 0, such a coupling is possible and the
vector d to the first order in ky has the form
d =
 Dxyσy +DxzσzDyxσx
Dzxσx
× ky (6)
in the structure of the C2 group and the form
d =
 Dxxσx +DxzσzDyyσy
Dzxσx +Dzzσz
× ky (7)
in the structure of the Cs group. Here, Dαβ are real
linearly independent parameters. In a structure with an
arbitrarily oriented edge, there are no symmetry restric-
tions and any component of the vector d can contain
terms with any Pauli matrix. The terms proportional
to σzky describe the electric-field-induced change in the
edge-state velocity while other terms lead to optical tran-
sitions between the spin branches.
We emphasize that the electro-dipole optical transi-
tions induced by the radiation polarized in the interface
plane are possible only due to the low symmetry of the
QW. Indeed, in the model of a QW with symmetric con-
finement potential and made of isotropic material23, the
point-group symmetry of this QW structure with an edge
would be C2v, which has both vertical and horizontal mir-
ror planes and a two-fold rotation axis. In such a system,
there are no terms in the dipole components dx and dy
that couple the edge states with ±1/2 and, therefore, no
optical transitions by the in-plane-polarized radiation oc-
cur in the electro-dipole mechanism. Note, that the same
C2v point group describes (110)-oriented symmetrically-
grown zinc-blende-type QW structures with the edge par-
allel to [11¯0]. Thus, the electro-dipole transitions are for-
bidden by symmetry in such structures as well.
The probability of the direct optical transitions be-
tween the edge states ψkys and ψky−s in the electro-
dipole approximation is determined by the matrix ele-
ments of the operator d. Instead of calculating the ma-
trix elements of d it is more convenient sometimes to
calculate the matrix elements of the velocity operator
v which are related by vs−s = i(ωs−s/e)ds−s, where
ωs−s = (εkys − εky−s)/~ and e is the electron charge.
It follows from Eqs. (6) and (7) that, at small ky, the
inter-branch matrix elements of the velocity operator are
quadratic in ky and given by
vs−s =
 Dxy2isDyx
2isDzx
× 2v0k2y
e
(8)
4in the structure of the C2 group and
vs−s =
 2isDxxDyy
2isDzx
× 2v0k2y
e
(9)
in the structure of the Cs group.
The matrix elements (8) and (9) satisfy the general
relation
vs−s(ky) = v∗−s s(−ky) (10)
which is imposed by time reversal symmetry and valid
for edges of any orientation and arbitrary ky. This
relation follows from Eq. (1) and T v = −vT which
yield 〈ψkys|v|ψkys′〉 = 〈2sT ψ−ky−s|v|2s′T ψ−ky−s′〉 =
−4ss′〈T ψ−ky−s|T vψ−ky−s′〉 =
−4ss′〈ψ−ky−s|v|ψ−ky−s′〉∗. Since v is an Hermi-
tian operator, Eq. (10) yields vs−s(ky) = vs−s(−ky),
i.e., the inter-branch matrix elements of the velocity
operator are even in ky.
The matrix elements of the velocity operator in the
C2 group, Eq. (8), additionally satisfy the relations
v
(x)
s−s(ky) = v
(x)
−s s(−ky) and v(y,z)s−s (ky) = −v(y,z)−s s (−ky) im-
posed by the two-fold rotation axis, see Eq. (2). Combin-
ing them with Eq. (10) we obtain that in the C2 group
v
(x)
s−s are real , v
(y,z)
s−s are imaginary . (11)
Similarly, the matrix elements of the velocity operator
in the Cs group, Eq. (9), satisfy the relations v
(x,z)
s−s (ky) =
−v(x,z)−s s (−ky) and v(y)s−s(ky) = v(y)−s s(−ky) imposed by the
mirror plane, see Eq. (3). Combining them with Eq. (10)
we conclude that in the Cs group
v
(x,z)
s−s are imaginary , v
(y)
s−s are real . (12)
C. Magneto-dipole interaction
The optical transitions between the spin branches can
also occur due to the interaction of carriers with the
magnetic field B of the incident electromagnetic wave.
The Hamiltonian of the magneto-dipole interaction in the
(ψ0+1/2, ψ0−1/2) basis is the Zeeman Hamiltonian
H(B)edge = −µ ·B =
µB
2
∑
α,β=x,y,z
gαβσαBβ , (13)
where µ is the magnetic dipole operator, gαβ are the
components of the g-factor tensor and µB is the Bohr
magneton. Symmetry analysis (see Tab. I) shows that
the non-zero components of the g-factor tensor are gxx,
gyy, gzz, gyz, and gzy in the structure of the C2 group
and gxx, gyy, gzz, gxz, and gzx in the structure of the
Cs group. This is in agreement with the results of mi-
croscopic calculations of Ref. 20. For a structure with
an arbitrarily oriented edge, all the components of the
g-factor tensor can be non-zero.
D. Microscopic description
In this section we present the microscopic calculations
of the matrix elements of the electric dipole operator d
phenomenologically introduced in Eqs. (6) and (7). We
consider TIs based on HgTe/CdHgTe QWs of the close-
to-critical thickness. In such structures, the topologi-
cal states are formed from the electron-like |E1,±1/2〉
and heavy-hole |H1,±3/2〉 subbands1. In the basis
|E1,+1/2〉, |H1,+3/2〉, |E1,−1/2〉, and |H1,−3/2〉, the
electron states in the QW of the D2d symmetry are de-
scribed by the effective 4×4 Hamiltonian, which takes
into account the lack of the space inversion center in the
QW20,
H0(kx, ky) =

δ0 − (B +D)k2 iAk+ 0 iγe−2iθ
−iAk− −δ0 + (B −D)k2 iγe−2iθ 0
0 −iγe2iθ δ0 − (B +D)k2 −iAk−
−iγe2iθ 0 iAk+ −δ0 + (B −D)k2
 . (14)
Here, k = (kx, ky) is the in-plane electron wave vector,
k = |k|, k± = kx ± iky, A, B, D, γ, and δ0 are the real-
valued band-structure parameters. In particular, the pa-
rameter δ0 describes the band gap and defines whether
the system is in the trivial (δ0 > 0 at B < 0) or non-
trivial (δ0 < 0 at B < 0) topological phase1. The lack
of the inversion center is taken into account by the pa-
rameter γ which is microscopically determined by the
strength of the mixing of the |E1〉 and |H1〉 states at
the QW interfaces19. To allow the consideration of the
structures with an arbitrary edge orientation, the Hamil-
tonian (14) is written in the coordinate frame (xy) ro-
tated by the angle θ with respect to the crystallographic
frame ([100], [010]).
To calculate the wave functions of the edge states we
consider a semi-infinite structure (x ≥ 0) and solve the
Schro¨dinger equation H0(−i∂/∂x, ky)ψkys = εkysψkys
with the boundary conditions ψkys(x = 0, y) = 0 and
ψkys(x → +∞, y) → 0. The four-component wave func-
5tions ψkys can be presented in the form
ψky+1/2 =
eikyy√
L

a(x)
−b(x)
−ic(x)e2iθ
−id(x)e2iθ
 ,
ψky−1/2 =
eikyy√
L

−ic(x)e−2iθ
id(x)e−2iθ
a(x)
b(x)
 , (15)
where a(x), b(x), c(x), and d(x) are real functions, which
also depend on k2y, and L is the normalization length.
The wave functions ψky+1/2 and ψky−1/2 given by
Eqs. (15) are related to each other by the time rever-
sal operator T , see Eq. (1), because T |E1,±1/2〉 =
∓|E1,∓1/2〉 and T |H1,±3/2〉 = ±|H1,∓3/2〉. More-
over, for high-symmetry edge directions, the functions
ψky+1/2 and ψky−1/2 are transformed according to the
rules introduced in Sec. II A. In particular, for the struc-
tures with the edge parallel to 〈010〉 (θ = pin/2 with inte-
ger n), the wave functions are additionally related by the
rotation operator R, see Eq. (2), because R|E1,±1/2〉 =
−i|E1,∓1/2〉 and R|H1,±3/2〉 = i|H1,∓3/2〉. For the
structures with the edge parallel to 〈110〉 (θ = pi/4 +
pin/2), the wave functions are related by the reflec-
tion operator R˜, see Eq. (3), because R˜|E1,±1/2〉 =
±i|E1,∓1/2〉 and R˜|H1,±3/2〉 = ∓i|H1,∓3/2〉.
The envelope functions a(x), b(x), c(x), and d(x) have
to be calculated numerically. For the specific case of
electron-hole symmetry, which corresponds to D = 0 in
the Hamiltonian (14), the functions satisfy the relations
a(x) = b(x) and c(x) = d(x).
The inter-branch matrix elements v
(x)
s−s and v
(y)
s−s of the
velocity operator
v =
1
~
∂H0
∂k
(16)
can be directly calculated using the Hamiltonian (14) and
the wave functions (15). This procedure gives
v
(x)
s−s = u1e
−4isθ , v(y)s−s = 2isu2 e
−4isθ , (17)
where u1 and u2 are real quantities. Recalling the re-
lation vs−s = i(ωs−s/e)ds−s we conclude that, within
this microscopic model, the inter-branch optical transi-
tions in the electric dipole approximation are described
by the dipole operator components which, at small ky,
read
dx = (σy cos 2θ − σx sin 2θ)D1ky ,
dy = (σx cos 2θ + σy sin 2θ)D2ky , (18)
where D1 = eu1/|kyωs−s| and D2 = eu2/|kyωs−s| are in-
dependent of ky. Equations (18) are written for the edge
of arbitrary orientation. At θ = pin/2, they correspond
to Eq. (6) with Dxy = (−1)nD1 and Dyx = (−1)nD2.
At θ = pi/4 + pin/2, they correspond to Eq. (7) with
Dxx = (−1)n+1D1 and Dyy = (−1)nD2.
The Zeeman Hamiltonian for the D2d QW in an in-
plane magnetic field in the same basis of the states as
used for the Hamiltonian (14) has the form20
HZ = µB
2

0 0 g
‖
eB− 0
0 0 0 g
‖
he
−4iθB+
g
‖
eB+ 0 0 0
0 g
‖
he
4iθB− 0 0
 ,
(19)
where g
‖
e and g
‖
h are the in-plane g-factors of the |E1〉
and |H1〉 subbands, which stem from the bare electron g-
factor and the interaction with remote electron and hole
subbands, andB± = Bx±iBy. By projecting the Zeeman
Hamiltonian (19) onto the wave functions (15) we obtain
the dependence of the edge-electron g-factor tensor on
the edge orientation
gxx = g1 cos
2 2θ + g2 sin
2 2θ ,
gyy = g1 sin
2 2θ + g2 cos
2 2θ ,
gxy = gyx =
1
2
(g1 − g2) sin 4θ , (20)
where g1 and g2 are two independent g-factors. Ana-
lytical expressions for g1 and g2 via the band structure
parameters are derived in Ref. 20 for the case of electron-
hole symmetry, D = 0, and ky = 0.
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FIG. 3. Matrix elements of the velocity operator u1 and
u2, see Eq. (17), between the “spin-up” and “spin-down”
branches of the edge-state spectrum as a function of the
electron wave vector along the edge ky calculated for the
HgTe/CdHgTe QW structure.
To evaluate the parameters D1,2 and g1,2 for re-
alistic HgTe/CdHgTe QWs we numerically solve the
Schro¨dinger equation with the Hamiltonian (14), cal-
culate the wave functions of the edge states, the inter-
branch matrix elements of the velocity operator, and the
6effective g-factors. We use the following set of band-
structure parameters: A = 3.6 eV·A˚, B = −68 eV·A˚2,
D = −51 eV·A˚2 [24], γ = 5 meV [19], and δ =
−10 meV, which corresponds to the topological gap of
about 20 meV. Figure 3 shows the calculated depen-
dences of the inter-branch matrix elements of the veloc-
ity operator u1 and u2, see Eq. (17), on the wave vector
ky. At small ky, the dependences are parabolic, which
is in agreement with the phenomenological Eq. (8). At
large ky, the dependences u1(ky) and u2(ky) deviate from
the quadratic power due to high-order terms neglected in
Eq. (8). The fitting of the dependences at small ky yields
|D1/e| ≈ 7 × 10−13 cm2 and |D2/e| ≈ 1.4 × 10−12 cm2.
Our numerical calculations also give v0 ≈ 2.7× 107 cm/s
for the edge-state velocity and |g1| ≈ 2.6 and |g2| ≈ 2 for
the effective g-factors.
E. Particle-hole and chiral symmetries
In addition to time reversal symmetry and the con-
straints imposed by spatial symmetry, the effective
Hamiltonian may possess the particle-hole symmetry25.
In this case, there is a charge conjugation operator C
which anti-commutes with the Hamiltonian and can be
presented in the form C = UcK, where Uc is a unitary op-
erator andK is the operator of complex conjugation. The
operator C relates the states |ε, ky, s〉 and | − ε,−ky, s〉
implying that εky,s = −ε−ky,s.
If both T - and C-symmetries are present, then the
Hamiltonian also possesses the chiral (also called sublat-
tice) symmetry. The corresponding operator S = CT −1
anti-commutes with the Hamiltonian and satisfies S† =
S−1 and SS = 1. The operator S relates the states
|ε, ky, s〉 and | − ε, ky,−s〉. Its action on the edge state
wave functions can be presented as
Sψεkys = e2iαsψ−εky−s , (21)
where α is a real parameter which may depend on ky. If
T and S are the only symmetries present in the system,
α may be set to zero by a proper choice of the wave
function phase. However, if there are additional spatial
symmetries and the wave function phase is already fixed,
see Eq. (2) or Eq. (3), α is non-zero.
Equation (21) together with Sv = −vS implies that
the inter-branch matrix elements of the velocity operator
satisfy the relation
vs−s(ky) = −e−4iαsv∗s−s(ky) , (22)
because
〈
ψkys |v|ψky−s
〉
= e−4iαs
〈Sψky−s |v| Sψkys〉 =
−e−4iαs 〈ψky−s |v|ψkys〉 . It follows from Eq. (22) that
the ratio v
(x)
s−s(ky)/v
(y)
s−s(ky) is a real value. Therefore,
for circularly polarized radiation the probability of the
optical transitions in the electro-dipole approximation
is independent of the photon helicity sign and the cir-
cular (photon helicity dependent) photogalvanic effect
is absent. Moreover, for linearly polarized radiation
the absorption occurs only for the radiation polarized
along the in-plane direction n determined by nx/ny =
v
(x)
s−s(ky)/v
(y)
s−s(ky) while the orthogonally polarized radi-
ation is not absorbed. Due to time reversal symmetry,
see Eq. (10), the optical transitions induced by linearly
polarized radiation at the wave vectors ky and −ky have
the same selection rules and the same probability.
The conclusions above are general and do not depend
on the particular structure of edge states (as far as the
boundary potential preserves T - and S-symmetries). In
fact, they are also valid for systems of any dimension
for the optical transitions between the states |ε,k, s〉 and
| − ε,k,−s〉 related by chiral symmetry. Moreover, the
same conclusions can be drawn for the optical transitions
in the magneto-dipole approximation if the effective Zee-
man Hamiltonian of the electron-photon interaction pre-
serves S-symmetry.
For the edges of particular crystallographic orienta-
tions, additional restrictions on the matrix elements of
the velocity operator are imposed by spatial symmetry,
see the relations (11) and (12) for the structures of the
C2 and Cs point groups, respectively. Combining these
relations with Eq. (22) we conclude that, in both cases,
one of the matrix elements, either v
(x)
s−s or v
(y)
s−s, vanishes.
The effective Hamiltonian (14) possesses the particle-
hole symmetry at D = 0. The corresponding unitary
matrix Uc of the charge conjugation operator C reads
Uc =

0 e−2iθ 0 0
e−2iθ 0 0 0
0 0 0 e2iθ
0 0 e2iθ 0
 . (23)
Since UTc = Uc and hence CC = 1, the system under
study belongs to the DIII symmetry class25.
The matrix S = UcU−1t , which satisfies SH0+H0S = 0
at D = 0, has the form
S =

0 0 0 e−2iθ
0 0 −e−2iθ 0
0 −e2iθ 0 0
e2iθ 0 0 0
 . (24)
It relates the wave functions (15) by Sψkys = e4iθsψky−s,
so that α = 2θ in Eqs. (21) and (22). Since v
(x)
s−s =
uxe
−4isθ and v(y)s−s = 2isuye
−4isθ, it follows from Eq. (22)
that v
(x)
s−s = 0 for any orientation of the edge. Hence,
in the framework of the effective Hamiltonian (14), the
electro-dipole transitions for the radiation polarized per-
pendicular to the edge are forbidden at D = 0.
In real semiconductor structures, particle-hole symme-
try is broken and both matrix elements v
(x)
s−s and v
(y)
s−s are
non-zero. Therefore, the optical transitions between the
spin branches of the helical channel are allowed for radi-
ation polarized along the edge and perpendicular to the
7edge. Moreover, the phase shift of ±pi/2 between v(x)s−s
and v
(y)
s−s, see Eq. (17) [or between the matrix elements
of the electric dipole components dx and dy, see Eq. (18)],
means that the transitions are sensitive to the degree and
the sign of circular polarization.
III. OPTICAL TRANSITIONS. LINEAR AND
CIRCULAR DICHROISMS
Consider now that the topological insulator is illumi-
nated by radiation of certain frequency and polarization
which induces direct optical transitions between the spin
branches of the helical edge channel. With the account
for both the electro-dipole and the magneto-dipole mech-
anisms of electron-photon interaction, the optical transi-
tions |ky,−s〉 → |ky, s〉 are described by the matrix ele-
ments
Ms−s(ky) = −ds−s ·E0 − µs−s ·B0 , (25)
where ds−s and µs−s are the matrix elements of the elec-
tric dipole and magnetic dipole operators, respectively,
E0 and B0 are the amplitudes of the electric and mag-
netic fields of the radiation related by B0 = nω o × E0,
nω is the refractive index of the medium, and o is the unit
vector along the radiation propagation direction ±z.
It follows from Eqs. (18) and (20) that, at small ky,
the matrix elements are given by
M±1/2∓1/2(ky) = ±ie∓2iθ(D1E0x ± iD2E0y)ky (26)
+
µB
2
[
g1 + g2
2
(B0x ∓ iB0y) + g1 − g2
2
e∓4iθ(B0x ± iB0y)
]
.
The values |M+1/2−1/2(ky)|2 and |M−1/2+1/2(−ky)|2,
which determine the probabilities of the optical transi-
tions at ky and −ky, respectively, see Fig. 1, can be de-
composed into the symmetric and asymmetric parts as
follows
|M |2sym/asym =
|M+1/2−1/2(ky)|2 ± |M−1/2+1/2(−ky)|2
2
.
(27)
Straightforward calculations give
|M |2sym = (D21|ex|2 +D22|ey|2)E20k2y (28)
− D1g1 −D2g2
2
|ky|µBnω cos 2θ E20Pcirc ,
|M |2asym = −D1D2E20k2y signky Pcircoz (29)
− D1g2 −D2g1
2
kyµBnω cos 2θ E
2
0oz
− D1g2 +D2g1
2
kyµBnω cos 2θ E
2
0(|ex|2 − |ey|2)oz
− D1g2 +D2g1
2
kyµBnω sin 2θ E
2
0(exe
∗
y + eye
∗
x)oz ,
where e = E0/E0 is the (complex) unit vector of the
radiation polarization and Pcirc = i(exe
∗
y − eye∗x)oz is
the radiation helicity. In Eqs. (28) and (29) we keep the
terms originating from the electro-dipole interaction and
from the interference of the electro-dipole and magneto-
dipole interactions. The terms stemming solely from the
magneto-dipole interaction are small and neglected.
The absorption width of the edge channel is defined by
w = W/I , (30)
where W is the energy absorbed per unit time per unit
length of the edge channel,
W = 4piω
∑
ky>0
|M |2sym[f(εky,−1/2)− f(εky,+1/2)]
× δ(εky+1/2 − εky−1/2 − ~ω) , (31)
f(ε) is the Fermi-Dirac distribution function, and I =
cnωE
2
0/(2pi) is the radiation intensity.
The calculation of the absorption width for the proba-
bility of the optical transtions given by Eq. (28) and the
linear dispersion εky±1/2 = ±~v0ky yields
w =
piω3∆f
2cnω~v30
(
D21|ex|2 +D22|ey|2
)
(32)
− piµBω
2∆f
2c~v20
(D1g1 −D2g2) cos 2θPcirc ,
where ∆f = f(−~ω/2)− f(~ω/2).
We conclude that the edge of a topological insulator
based on a zinc-blend-type crystal exhibits linear and
circular dichroisms while the bulk material does not. For
linearly polarized radiation, the absorption depends on
the orientation of the polarization vector e. The ra-
tio of the absorption widths for the radiation polarized
along the edge (e ‖ y) and perpendicular to the edge
(e ‖ x) is given by (D2/D1)2 which is estimated as 4
for HgTe/CdHgTe-based structures. For circularly po-
larized radiation, the absorption contains a contribution
sensitive to the photon helicity Pcirc, i.e., the absorption
is different for right-handed and left-handed circularly
polarized photons. Here, the effect stems from the inter-
ference of the electro-dipole and magneto-dipole mecha-
nisms of the photon absorption. In accordance with the
general theory of the circular dichroism, the effect is ab-
sent in systems with mirror planes, which is realized in
our structure if θ = pi/4+pin/2. Interestingly, for a struc-
ture with any other θ, the circular dichroism occurs and
has the same sign for the opposite edges of the structure.
IV. SPIN POLARIZATION AND EDGE
PHOTOCURRENTS
The illumination of a topological insulator leads also
to a spin polarization of electrons and a direct electric
current in the edge channel since the optical transitions
|−ky,+1/2〉 → |−ky,−1/2〉 and |ky,−1/2〉 → |ky,+1/2〉
occur at different rates that is described by |M |2asym, see
8Eq. (29). The mechanism of the current generation is
illustrated in Fig. 1.
In the relaxation time approximation, the photocur-
rent is given by26
jy =
4pie
~
∑
ky>0
[τp(εky+1/2)vky+1/2 − τp(εky−1/2)vky−1/2]
× |M |2asym[f(εky,−1/2)− f(εky,+1/2)]
× δ(εky+1/2 − εky−1/2 − ~ω) , (33)
where vkys = (1/~)dεkys/dky is the intra-branch veloc-
ity and τp is the relaxation time of electrons in the edge
channel which is determined by spin-flip processes. It is
known that in real HgTe/CdHgTe structures, the topo-
logical protection against spin-flip scattering is violated
and ballistic transport is observed only in µm-scale de-
vices4,16.
Taking into account that εky±1/2 = ±~v0ky at small
ky and calculating the sum over ky in Eq. (33) we obtain
jy =
2eτ¯p
~2
|M(ω/2v0)|2asym∆f , (34)
where τ¯p = [τp(~ω/2) + τp(−~ω/2)].
The photocurrent sensitive to the photon helicity
emerges in the electro-dipole approximation. The substi-
tution of the first line in Eq. (29) for |M |2asym in Eq. (34)
yields
j(circ)y = −
4eτ¯pv0w0
~ω
D1D2
D21 +D
2
2
IPcircoz , (35)
where w0 is the absorption width of the edge channel for
circularly polarized radiation calculated in the electro-
dipole approximation,
w0 =
piω3(D21 +D
2
2)∆f
4cnω~v30
. (36)
Equation (35) describes the circular photogalvanic ef-
fect26–29 in helical edge channels. The photocurrent is
proportional to the degree of circular polarization and
is reversed by switching the sign of the photon helicity.
We note, that the magneto-dipole transitions also give a
contribution to the circular photocurrent17,18. However,
this contribution is a few orders of magnitude smaller
than the contribution of the electro-dipole transitions.
For linearly polarized radiation, the spin polariza-
tion of electrons and the corresponding electric current
emerge due to the interference of the electro-dipole and
magneto-dipole transitions, see the second, third, and
forth lines in Eq. (29). This photocurrent has the form
j(lin)y =
[
A+B
(
|ex|2 − |ey|2
)]
cos 2θ Ioz
+B(exe
∗
y + eye
∗
x) sin 2θ Ioz , (37)
where
A = −4eτ¯pv
2
0 w0nω
~ω2
µB(D1g2 −D2g1)
D21 +D
2
2
,
B = −4eτ¯pv
2
0 w0nω
~ω2
µB(D1g2 +D2g1)
D21 +D
2
2
. (38)
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FIG. 4. Amplitudes of the circular and linear edge photocur-
rents as a function of the incident photon energy. The depen-
dences are calculated for the parameters of HgTe/CdHgTe-
based two-dimensional topological insulators presented in
Sec. II D, the momentum relaxation time τ¯p = 20 ps, the
refractive index nω = 3, and the radiation intensity I =
1 W/cm2. The linear photocurrent is calculated for θ = 0
and e ‖ y. Solid curves show the results of numerical calcu-
lations, dashed curves are plotted after analytical Eqs. (35)
and (37).
The linear photocurrent depends on the orientation of
the edge with respect to the crystallographic axes and the
radiation polarization plane with respect to the edge. It
may also appear when the sample is excited by unpolar-
ized radiation. The linear photocurrent (37) originates
from the action of both ac electric and magnetic fields
of the radiation upon electrons and belongs to the class
of ac Hall effects30–32 or, more generally, to the class
of photoelectric effects caused by light pressure (photon
drag). In our case, the photocurrent flows in a direction
perpendicular to the photon wave vector.
Figure 4 shows the amplitudes of the circular and lin-
ear edge photocurrents in a HgTe/CdHgTe topological
insulator as a function of the photon energy ~ω. The de-
pendences are calculated for zero temperature, the Fermi
level lying at the Dirac point, and the relaxation time
τ¯p = 20 ps estimated from the experiments
16. Solid
curves present the results based on numerical calcula-
tions of the matrix elements of the electron-photon in-
teraction. Dashed curves show the low-energy analytical
results plotted after Eqs. (35) and (37). For the radia-
tion intensity 1 W/cm2, the photon energy 2 meV and
the momentum relaxation time presented above, we ex-
pect the circular photogalvanic current of a few pA and
the linear photon drag current of a ten fA.
9V. SUMMARY
To summarize, we have theoretically investigated opti-
cal properties of helical edge channels in two-dimensional
topological insulators based on zinc-blende quantum
wells and edge photocurrents, which occur under illumi-
nation of edge channels. We have shown that the lack of
space inversion symmetry in the zinc-blende-type quan-
tum wells results in the electro-dipole optical transitions
between the “spin-up” and “spin-down” branches of the
helical channels. Using general symmetry arguments we
have analyzed polarization dependence of these transi-
tions for the structures with different edge orientations.
Based on the extended Bernevig-Hughes-Zhang Hamil-
tonian we have performed the microscopic calculations
of the inter-branch electric dipole matrix elements for
HgTe/CdHgTe topological insulators. It has been shown
that the asymmetry of electro-dipole optical transitions
in k-space results in generation of circular edge photogal-
vanic current, which direction is controlled by the helicity
of the incident photons. The photocurrent amplitude of
this current is a few orders of magnitude larger than of
the one expected from the magneto-dipole mechanism of
optical transitions. From the general symmetry analy-
sis we have shown that the circular edge photocurrent
is absent in the structures, where the electron spectrum
possesses particle-hole symmetry. It is also established
that the interference of the electro-dipole and magneto-
dipole mechanisms of inter-branch optical transitions re-
sults, under illumination with linearly polarized radia-
tion, in the generation of linear edge photocurrent. Its
direction and amplitude are controlled by the crystallo-
graphic orientation of the edge and the orientation of the
polarization vector with respect to the edge. The inter-
ference of the electro-dipole and magneto-dipole optical
transitions gives rise to the circular dichroism of the he-
lical edge channels.
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